Phospholipidosis (PLD) is characterized by an intracellular accumulation of phospholipids in lysosomes and the concurrent development of concentric lamellar bodies. Recently, H. Sawada et al. (2005, Toxicol. Sci. 83, 282-292) identified 17 genes as potential biomarkers of PLD in HepG2 cells. The present study was undertaken to determine if this set of genes measured by quantitative PCR could be validated in the same cell line. The objective was also to investigate the dose-response relationship to further validate the assay and to select the concentrations to use for screening activities. In a first experiment (one concentration tested), out of the 17 genes, the best gene biomarkers of PLD (i.e., 11 genes) were selected for practical screening reasons. Based on these genes, 91.6% (i.e., 11 of 12) of the compounds known to induce PLD were identified as positive and all the negative compounds (i.e., five of five) were also confirmed. When the data obtained in the first experiment were compared to the data by Sawada et al., (2005) the coefficient of correlation calculated was slightly higher than 75%. In the second experiment (26 compounds [all 17 compounds from the first experiment plus 9 other compounds] tested at a minimum of three concentrations), 93.3% (14/15) of the compounds known to induce PLD were identified as such and all the negative controls (six compounds) were also confirmed. Three compounds likely to induce PLD were identified as positive in our assay. Finally, two compounds for which no data are available were also tested. When both experiments 1 and 2 were compared, the coefficient of correlation for 16 compounds tested at the same concentrations reached 87.7%. In conclusion, the present study further confirms the utility of gene expression in HepG2 cells to identify a potential to induce PLD. Finally, based on the data presented, researchers are encouraged to use a range of minimum three concentrations (e.g., 12.5, 25, and 50mM) to screen for PLD in the human HepG2 cell line.
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Phospholipidosis (PLD) is characterized by an intracellular accumulation of phospholipids in lysosomes and the concurrent development of concentric lamellar bodies. It is often observed following treatment with cationic amphiphilic drugs (CADs). These drugs, which are characterized by a hydrophobic ring structure and a hydrophilic side chain with a charged cationic amine group, can interact with lipid cell components and cause lipid storage disorders. CADs that penetrate into the lysosomes will become protonized and will then be trapped in the lysosomal acidic medium (Lüllmann et al., 1978) . The phospholipids in those complexes can be protected against enzymatic attack from the phospholipases which require negatively charged substrate to operate (Joshi et al., 1989) . Other theories to explain PLD imply the inhibition of phospholipase activity, increased synthesis of phospholipids, and inactivation of lysosomal enzymes due to an increase in lysosomal pH resulting from the accumulation of the CAD within the organelle or a combination of these actions (Kodavanti and Mehendale, 1990; Lüllmann et al., 1978) . CADs are used in many therapeutic indications such as local anesthetics, antimalarial agents, antibiotics, antiarrhythmics, antidepressants, and others (Kodavanti and Mehendale, 1990; Schneider et al., 1997) . As early as 1979 , Lüllmann-Rauch (1979 reported that 30 drugs were known to induce PLD in humans, animals, or cell cultures. In addition, genetic disorders (e.g., Niemann-Pick and Tay-Sachs diseases) as well as non-CADs (e.g., xenobiotics, hormones, cofactors, and other agents) may alter the metabolism of the cells and indirectly lead to PLD (Kodavanti and Mehendale, 1990; Schneider et al., 1997) .
Up to now, there is no definitive evidence that the presence of CAD-induced PLD per se is detrimental to animals or humans (Reasor et al., 2006) . Camus and Mehendale (1986) reported that despite massive induction of pulmonary PLD, there were only minor effects on lung function. The administration of amiodarone induced increased hepatic density and fibrosis in addition to PLD in different animal models and human (Cantor et al., 1987) . In most cases, the toxicological implications of PLD are unknown (Reasor, 1989) . The only circumstance where a causal relationship between the presence of PLD and tissue dysfunction has been suggested is with gentamycin (a well-studied aminoglycoside) and nephrotoxicity. Indeed, gentamycin-induced PLD has been observed in conjunction with renal toxicity (Laurent et al., 1990) and the inhibition of the development of PLD inhibits nephrotoxicity (Samadian et al., 1993) . The possible toxicological consequences of PLD are an area of great interest both to the Food and Drug Administration (FDA) and the pharmaceutical industry. In 2004, the FDA established a PLD working group whose objective is to determine whether compounds-inducing PLD pose a potential clinical risk. Consequently, a PLD database is being populated with clinical and preclinical data on compounds from in-house FDA reviews. The results will hopefully enable to come to a decision resulting in a PLD guidance that will be useful to the pharmaceutical industry. Nevertheless, very recently, Reasor et al. (2006) indicated that from a regulatory perspective and consistent with the task of determining drug safety, PLD has been considered as an adverse finding, whether justified or not.
The presence of foamy cells as detected by histopathological analyses only suggests that PLD may have occurred. The standard confirmatory method for the detection of PLD on ex vivo samples is electron microscopy (Drenckhahn et al., 1976) . However, the method is expensive, time consuming, and not dedicated to medium and high-throughput screenings. In addition, drug-induced PLD detected by electron microscopy could be discovered only after subchronic to chronic intake of compounds. In silico approaches have been successfully used to predict drug-induced PLD. For instance, the data presented by Ploemen et al. (2004) support the use of simple physicochemical calculations of ClogP and pKa to discriminate rapidly between compounds suspected of being PLD inducers. Nevertheless, there is a clear need to develop in vitro methodologies to enable rapid assessment during the drug development and help in the selection of the best candidates. PLD can be rapidly assessed by measuring the binding of dyes to the phospholipids. For instance, different cellular models (e.g., primary hepatocytes, HepG2, U-937, CHO-K1, and CHL/IU cell lines, spleen macrophages), dyes (e.g., nile red, NBD-PC), and methodologies (e.g., flow cytometry, fluorescence microscopy, gene expression) have been successfully used to detect PLD under in vitro conditions (Casartelli et al., 2003; Gum et al., 2001; Kasahara et al., 2006; Morelli et al., 2006; Sawada et al., 2005; Ulrich et al., 1991) . Recently, Sawada et al. (2005) , who developed a rapid and sensitive in vitro screening test for druginduced PLD based on gene expression analysis in HepG2 cells, identified 17 genes as potential markers of PLD. To increase the throughput of the assay, the PCR-based assay was transferred into a 96-well microplate-based multiple mRNAs measuring assay (Sawada et al., 2006) .
In a previous study, we showed that gene expression analysis generated with an array containing a restricted set of genes chosen as relevant markers of toxicity and metabolism allowed us to cluster 11 different hepatotoxicants (de Longueville et al., 2003) . In the same spirit, the present study was undertaken to determine if we could (1) confirm the results published by Sawada et al. (2005) using the same human cell line, (2) assess the relevance of the model using various concentrations of compounds known to induce PLD or not, and (3) determine the reliability and reproducibility of the assay.
MATERIALS AND METHODS

Chemicals
The following drugs (acetaminophen, amiodarone, amitriptyline, anaphthyl-isothiocyanate [ANIT], AY9944, b-naphtoflavone [BNF], chlorpromazine, clomipramine, clozapine, disopyramide, erythromycin, flecainide, fluoxetine, haloperidol, isoniazid, ketoconazole, ofloxacin, perhexiline, procainamide, sotalol, tamoxiphen, tetracycline, thioridazine, valproic acid, and zimelidine) were purchased from Sigma (St Louis, MO). Phenobarbital was purchased from CERTA (Braine-l'Alleud, Belgium).
Cell Culturing
The human hepatocellular carcinoma cell line (HepG2) was purchased from the European Collection of Cell Cultures (Salisbury, UK). Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 50 U/ml penicillin, 50 lg/ml streptomycin, 2 mmol/l L-glutamine, and nonessential amino acid solution at 37°C in a humidified 5% CO 2 /95% air atmosphere. Medium was changed twice a week. Cells were passaged as needed using 0.5% trypsin-EDTA. All the cell culture solutions, mentioned in this section, were purchased from BioWhittaker Inc. (Walkersville, MD). The experiments were performed with HepG2 cells passaged between 10 and 35 times. Due to our screening activities, the responses of the HepG2 cells to reference compounds are regularly checked in the context of cytotoxicity and PLD experiments.
Concentrations Tested and Drug Treatment
HepG2 cells were plated and cultured overnight at a concentration of 10 6 cells (2 ml) per well (six-well format). The final concentration of dimethylsulfoxide (vehicle; Sigma) was 0.5%. Cells were incubated in a 37°C incubator in an atmosphere of 5% CO 2 /95% air and were exposed for 24 h to the compounds. The cells were then rinsed twice with few milliliters of phosphate-buffered saline at 37°C and placed at ÿ 80 o C prior to total RNA extraction. Experiment 1. The cells were exposed to a single concentration (X ¼ 8.3 or 25lM) of positive and negative compounds according to the concentrations used by Sawada et al. (2005) . The compounds tested were acetaminophen, amiodarone, amitriptyline, AY9944, chlorpromazine, clomipramine, clozapine, erythromycin, flecainide, fluoxetine, ketoconazole, ofloxacin, perhexiline, sotalol, tamoxiphen, thioridazine, and zimelidine. For more information on the compounds and doses tested refer to Tables 1 and 2 , respectively. Experiment 2. The HepG2 cells were exposed to the same compounds as in experiment 1 but at minimum three different concentrations (X/2, X, and 2X) as well as to additional compounds (ANIT, BNF, disopyramide, haloperidol, isoniazid, phenobarbital, procainamide, tetracycline, and valproic acid) . For more information on the compounds tested refer to Table 1 . The concentrations of the negative drugs (compounds not tested in experiment 1) were 800, 400, and 200lM unless cytotoxicity occurred at these doses. In this case, lower concentrations were tested. For the positive drugs and compounds likely to induce PLD, concentrations in the range 2-30lM were tested except for tetracycline (6.25-800lM) . For more information about the tested doses refer to 
Cytotoxicity Determination
No cytotoxicity assays were performed for the selection of the doses as there was sufficient available information on the reference compounds in the literature. In the context of screening, it is advisable to measure cytotoxic endpoints with proprietary compounds before evaluating PLD potential. Nevertheless, the amount of total RNA extracted, which correlates directly with the number of viable cells, gives some clear indication about cytotoxicity effects.
Total RNA Extraction and Reverse Transcription
RNA extraction was performed with the RNeasy Qiagen kit (Qiagen, Hilden, Germany). A DNAse step was included to reduce genomic DNA contamination. The integrity of the total RNA was estimated with the 2100 Bioanalyzer (Agilent, Palo Alto, CA). Quantification of the total RNA was performed with the Nanodrop (Nanodrop Technologies, Wilmington, DE). RNA samples were stored at ÿ 80°C until assayed. Concentration of RNA samples was adjusted to 250 ng/ll, and reverse transcription (RT) was performed in triplicate with 2 lg RNA and oligo-dT oligonucleotide primer in a final volume of 20 ll. Pooled samples were then quality checked with the 2100 Bioanalyzer.
Quantitative PCR (SYBR green)
Technical validation. Quantitative PCR (QPCR) experiments were performed in triplicate with different amounts of template (RT samples diluted 10, 40, 160, 640, 2560, and 10240 times) (data not shown). Negative, genomic, and mRNA controls were also included (in duplicate). Quantitative real-time PCR was performed using 4 ll of the RT dilutions, 12 ll of 23 master mix solutions (Stratagene, La Jolla, CA), 4 ll of primers (300lM for Sigma Proligo primers but unknown for Qiagen primers), and 0.1 ll of ROX (diluted 125 times) (Stratagene). All the primers were ordered from Qiagen (Hilden, Germany) except AP1S1, TAGLN, and FLJ10055 which were ordered from Sigma Proligo (Paris, France). For AP1S1, TAGLN, and FLJ10055, the technical validation criteria (see below) were not met with the Qiagen primers and consequently other primers had to be tested. Technical information (e.g., sequences, concentrations) of the Qiagen primers is unknown; the sequences of the proligo primers were those used by Sawada et al. (2005) . QPCR measurements were performed with the MX3000p PCR machine (Stratagene) with the following conditions: 15 min denaturation at 95°C followed by 40 cycles of denaturation at 94°C for 20 s, annealing temperature of 55°C for 30 s, and extension at 72°C for 30 s. Denaturation curves were produced after the 40 cycles to check the specificity of the reactions. A pair of primers was considered validated when the efficacy of amplification was comprised between 90-110% and with a minimum r 2 of 0.98. Further experiments were only conducted with validated primers.
Experiments 1 and 2. In the first experiment, 17 genes identified as potential biomarkers of PLD by Sawada et al. (2005) (plus one housekeeping gene) were quantified by QPCR (SYBR green). In the second experiment, the genes validated during the first experiment (11 gene biomarkers of PLD plus 1 housekeeping gene) were measured. RT samples were diluted 20 times. Quantitative real-time PCR was performed with the conditions described in the technical validation section. Denaturation curves were produced after the 40 cycles to check the specificity of the reactions. Fluorescence emission was detected for each PCR cycle and the threshold cycle (C T ) values were determined. The C T value was defined as the actual PCR cycle when the fluorescence signal increased above the background threshold. Average C T values from triplicate PCR reactions were normalized to average C T values for housekeeping gene (transferrin receptor gene [TFR] ) from the same cDNA preparations. The calculations were done as follows: ratio ¼ 2 ÿDDCT and DDCT ¼ (C T gene 1 treated ÿ C T TFR gene 1 treated) ÿ (C T gene 1 control ÿ C T TFR gene 1 control).
Rules for the classification of the gene as potential biomarkers of PLD. The 17 genes measured during the first experiment were classified according to two parameters (i.e., scores 1 and 2). A cutoff value of 1.5 was chosen arbitrarily for the calculation of both scores which are presented in Table 2 . Score 1 is based on the gene expression level of the compounds that induced PLD in the paper by Sawada et al. (2005) For the first 14 genes (generally upregulated by compounds inducing PLD), if ratio:
For the last three genes (generally downregulated by compounds inducing PLD), if ratio:
Score 2 is based on the gene expression level of the compounds that did not induce PLD in the paper by Sawada et al. (2005) (i.e., PPS ¼ ÿ) with the following rules:
For the first 14 genes (generally upregulated by compounds inducing PLD), if ratio:
The overall score ¼ score 1 3 score 2. The highest score ¼ 12 (maximum score 1) 3 5 (maximum score 2) ¼ 60. A classification is also given in Table 2 according to the overall score. The highest and lowest overall scores correspond to the best and worst gene biomarkers of PLD. An example of the calculation of scores 1 and 2 is given for MGC4171 and AP1S1 in Table 2 .
Calculation of the PLD Index
The use of the drugs known to induce PLD in the present study revealed that the nine following genes (C10orf10, p8, ASNS, FRCP1, SERPINA3, INHBE, NRB02, MGC4171, and FLJ10055) were upregulated, whereas the two following genes (AP1S1 and TAGLN) were downregulated. In the present paper, the gene expression figures represent the ratio ''mRNA level in treated/ mRNA level in control'' (normalized with the TFR housekeeping gene). The PLD index (PI) can be defined as follows: PI ¼ average of the level of expression of the 11 genes biomarkers of PLD with the following rules:
Upregulated genes by the drugs known to induce PLD, ratio:
Downregulated genes by the drugs known to induce PLD, ratio: 
Likely (vacuole formation in liver and high level of phospholipids in blood) Table 1 gives some information on the potential of the drugs used in this study to induce PLD or not according to literature data. It also presents some of the results obtained in experiments 1 and 2
RESULTS
Rules for the Classification of the Compounds
Based on our data (first and second experiments) and on the paper by Sawada et al. (2005) and see also the ''Discussion'' section, we consider that a compound can potentially induce PLD when (1) PI is higher than 1.25 at a maximum concentration of 50lM and when (2) a dose-response relationship is obtained. More explanations are provided at the end of the results section.
Experiment 1: HepG2 Cells Exposed to a Single Concentration of Compounds
Selection of the gene biomarkers of PLD. The expression of 17 genes (candidate markers of PLD) identified by Sawada et al. (2005) was measured in HepG2 cells exposed to 17 compounds known to induce PLD or not ( Table 2 ). The best gene biomarker of PLD was classified according to two parameters (i.e., scores 1 and 2 as described in ''Materials and Methods'' section). According to the overall score (i.e., score 1 3 score 2), a classification is also reported. ''1'' and ''17'' correspond to the best and worst gene biomarkers of PLD (Table 2) . Most of the genes responded well to the compounds known to induce PLD. In particular, the following genes (INHBE, P8, C10orf10, and TAGLN) were induced or repressed (minimum 1.5 times) by at least 11 of the 12 positive compounds (Table 2 ). In addition, the expression of these genes either did not vary much or did not follow the trend induced by the positive compounds when the HepG2 cells were exposed to drugs not inducing PLD ( Table 2 ). The data show that the genes classified from 1 to 14 (Table 2) could have been initially selected as potential gene markers of PLD. However, for practical reasons, the best 11 genes were selected according to the overall score presented in Table 2 plus 1 housekeeping gene (i.e., the TFR gene) because these 12 genes could Likely (tetracycline binds to PLDs) Argast and Beck (1984) þ (2.12 at 50lM)
Note. GED, gene expression data. Information such as induction of PLD according to in vivo and/or vitro data and the corresponding references are provided. A summary of the data presented in this study is also provided. Please refer to Tables 2 and 3 (2003) is mentioned, the results are based on nile red data (binding of the dye to phospholipids). Based on the respective tests used, ''ÿ,'' no induction of PLD; ''±,'' very slight induction of PLD; and ''þ,'' induction of PLD. We consider, arbitrarily, that there is a risk that a given compound induces PLD when PI is higher than 1.25. Nevertheless, the overall risk is determined by examining PI values corresponding to a range of concentrations (e.g., 12.5, 25, and 50lM).
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Note. Data such as PI (Sawada) and PPS are extracted from Sawada et al. (2005) . PPS corresponds to the formation of lamellar myelin-like bodies in lysosomes scored by electron microscopy after 72 h of treatment in HepG2 cells (Sawada et al. 2005) ; ÿ, none; þ, slight; þþ, moderate; þþþ, severe formation of lamellar myelin-like bodies. The compounds are classified by alphabetic order. QPCR (SYBR green) was carried out following treatment of HepG2 cells for 24 h to the compounds listed in the table and at the concentration indicated. The gene expression figures represent the ratio ''mRNA level in treated/mRNA level in control.'' Fold change values of PLD marker genes (compared to solvent control) in bold and italics correspond to ratio higher than 1.5 and lower than ÿ 1.5, respectively, and fold change values that are not in bold and italics correspond to ratio comprised between ÿ 1.5 and 1.5. QPCR data were standardized against the TFR housekeeping gene. The genes biomarkers of PLD were classified according to scores 1 and 2 as described in ''Materials and Methods'' section. For instance, for MGC4171: score 1 ¼ 0 (1.24) þ 1 (1.71) þ 1 (1.66) þ 1 (1.80) þ 1 (1.58) þ 1 (1.86) þ 0 (1.36) þ 0 (1.36) þ 1 (2.61) þ 0 (1.48) þ 1 (1.71) þ 1 (1.86) ¼ 8, score 2 ¼ 1 (1.05) þ 1 (1.12) þ 1 (1.22) þ 1 (ÿ1.12) þ 1 (1.24) ¼ 5, and overall score ¼ 8 3 5 ¼ 40. For AP1S1, score 1 ¼ 0 (ÿ 1.04) þ 1 (ÿ 1.79) þ 0 (ÿ 1.40) þ 1 (ÿ 1.61) þ 1 (ÿ 1.59) þ 1 (ÿ 1.53) þ 0 (ÿ 1.03) þ 1 (ÿ 1.51) þ 0 (1.08) þ 0 (1.17) þ 1 (ÿ 1.51) þ 0 (ÿ 1.13) ¼ 6, score 2 ¼ 1 (ÿ 1.04) þ 1 (1.17) þ 1 (ÿ 1.22) þ 1 (ÿ 1.07) þ 1 (1.08) ¼ 5, and overall score ¼ 6 3 5 ¼ 30. A justification for the selection/nonselection is given for all the genes according to the overall score (¼ score 1 3 \ 2). ''1'' and ''17'' correspond to the best and worst gene markers of PLD, respectively. Y and N stand for yes and no, respectively. The genes selected by us and Sawada et al. (2005) be measured in two 96-well plate formats. The selected genes were MGC4171, NR0B2, INHBE, P8, SERPINA3, ASNS, C10orf10, FLJ10055 and FRCP1 (genes generally upregulated by compounds known to induce PLD), and AP1S1 and TAGLN (genes generally downregulated by compounds known to induce PLD) ( Table 2 ). Other genes (classified at position 15, 16, and 17) do not appear to be good markers of PLD because they responded only to a limited number of compounds (e.g., SLC2A3 and PHYH) or due to reproducibility problems (i.e., ASAH). Table 2 gives also an overview of the genes selected by Sawada et al. (2005) . To help the interpretation of the data, the PI was calculated based on the selected 11 genes (see ''Materials and Methods'' section).
Compound classification. Following the rules mentioned above for the compound classification, 91.6% of the compounds known to induce PLD (i.e., 11 of 12) were identified as positive in agreement with the PPSs reported in Sawada et al. (2005) (Table 2 ). Positive PPS reflects the formation of myelinlike bodies in lysosomes identified by electron microscopy. In our experiment, tamoxiphen (a drug known to induce PLD) which had a PI of 1.13 (at 8.3lM) is classified as negative (PI < 1.25). All the negative drugs (i.e., five of five) were also identified as negative at 25lM (Table 2) . Table 2 shows also a comparison of the PI calculated with our data (based on our set of 11 genes) and the data of Sawada et al. (2005) . The coefficient of correlation calculated was slightly higher than 75%. Overall, this shows that similar results were obtained in both experiments (experiment 1 and data by Sawada et al. [2005] ) although the same set of genes was not measured.
Experiment 2: HepG2 cells Exposed to a Minimum of Three Concentrations of Compounds
The objective was to test the effect of a range of concentrations but also to further validate the assay by using more compounds (i.e., 26 chemicals in total vs. 17 in the first experiment). Out of the 15 compounds known to induce PLD (Table 3) , all of them showed potential to induce PLD at low concentrations in the range 4-16lM except erythromycin which was positive only at 100lM. Thus, for the positive controls, we reproduced with our system the data for 93.3% of the compounds (14/15). Chemicals such as ANIT, sotalol, and tetracycline are likely to induce PLD (although it is not mentioned in the literature that such compounds do so). Our data clearly indicate that these three compounds (ANIT, tetracycline, and sotalol) have the potential to induce PLD at 50lM (Table 3 ). All negative controls (six compounds) were also confirmed in the range 50-800lM (Table 3) . Finally, there were two remaining compounds (BNF and isoniazid) for which no PLD data or other relevant information was available due to lack of information in the literature (Table 1) . Our results clearly show that BNF has the potential to induce PLD at 12.5 and 25lM and that isoniazid was identified as negative up to 800lM (Table 3 ). The most potent compounds identified with our assay are amitriptyline, chlorpromazine, clomipramine, clozapine, fluoxetine, ketaconazole, perhexiline, thioridazine, and tamoxiphen, as PI higher than three were obtained at 16 or 25lM (except for thioridazine; PI ¼ 2.58 but at 8lM) ( Table 3) . The most potent drug was perhexiline with a PI of 11.21 at 16lM (Table 3) .
Correlation between experiments 1 and 2 and reproducibility of data. Based on the PI values, the coefficient of correlation for the 17 compounds tested in experiments 1 and 2 at the same concentration was of 70.2 %. Nevertheless, the coefficient reached 87.7% when the clozapine data was discarded (correlation for 16 compounds) (Fig. 1) . Indeed, for unknown reasons the PI induced by clozapine in the second experiment was much higher than in the first experiment (i.e., 5.13 vs. 2.15 at 25lM). Overall, this shows that similar results were obtained in both experiments.
To further evaluate the reproducibility of the assay, HepG2 cells were exposed to 12.5, 25, and 50lM amitriptyline in six different experiments (Table 4) . Based on the PI values, the coefficient of correlation among the experiments was of 98.5 ± 1.6 % (average ± SD) which indicates again that comparable results were obtained when experiments are performed at different times. Nevertheless, Table 4 also revealed that the level of response of certain genes can be quite different. For instance, the P8 gene was induced approximately 35, 13, 16, 71, 16, and 19 times in experiments A, B, C, D, E, and F, respectively (Table 4) .
Justification of the rules for the classification of compounds. Figure 2 displays the PI values obtained in experiment 2 with the positive and negative drugs. These compounds have been shown to induce the development of concentric lamellar bodies or not in HepG2 cells after the 3-day treatment (Sawada et al. 2005) . The compounds which are likely to induce PLD or those for which no information is available have not been included in Figure 2 . All the negative compounds tested had a PI below than 1.25; the highest PI value was for valproic acid at 800lM (PI ¼ 1.18). On the other hand, all the positive compounds had PI values higher than 1.25 at least at one concentration and at three successive concentrations for the majority of the compounds. Figure 2 also shows that clear dose-response relationships were observed for the positive compounds.
Based on our data (first and second experiments) and on the data by Sawada et al. (2005;  see also the ''Discussion'' section), we consider that a compound can potentially induce PLD when (1) PI is higher than 1.25 at a maximum concentration of 50lM and when (2) a dose-response relationship is obtained.
DISCUSSION
The present study was undertaken to determine if a set of 17 genes, identified as biomarkers of PLD by Sawada et al. Note. The compounds are classified by alphabetic order. DKTIP stands for drug known to induce PLD. For more details about the classification (yes, no, likely, and unknown) please refer to Table 1 . QPCR (SYBR green) was carried out following treatment of HepG2 cells for 24 h to the compounds listed in the table and at the concentrations indicated. The gene expression figures represent the ratio ''mRNA level in treated/mRNA level in control.'' Fold change values of PLD marker genes (compared to solvent control) in bold and italics correspond to ratio higher than 1.5 and lower than ÿ 1.5, respectively, and fold change values that are not in bold and italics correspond to ratio comprised between ÿ 1.5 and 1.5. QPCR data were standardized against the TFR housekeeping gene. The PI is calculated according to the formula reported in Material and Methods. For instance, PI (acetaminophen, 800lM) ¼ 1.18 (1.18) þ 1.10 (1.10) þ 0 (ÿ 1.48) þ 0 (ÿ 1.03) þ 0 (ÿ 1.45) þ 0 (ÿ 1.10) þ 1.20 (1.20) þ 1.32 (1.32) þ 1.23 (1.23) þ 0 (1.19) þ 2.69 (ÿ 2.69)/11 ¼ 0.79, PI (zimelidine, 50lM) ¼ 1.90 (1.90) þ 3.17 (3.17) þ 5.50 (5.50) þ 13.15 (13.15) þ 2.68 (2.68) þ 3.19 (3.19) þ 11.77 (11.77) þ 2.72 (2.72) þ 2.55 (2.55) þ 2.51 (ÿ 2.51) þ 1.84 (ÿ 1.84)/11 ¼ 4.63. To help the data visualization, PI values are gray coded. White cells, PI < 1.25; pale gray cells, 2 > PI >1.25; dark gray cells, 3 > PI > 2; and black cells, PI > 3. Data such as PI (first experiment) is also reported to compare the data obtained in both experiments.
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(2005), could be used to detect a potential for drug-induced PLD in HepG2 cells. In addition, the objective was to test the effect of a range of concentrations for the validation of the assay and to select the most suitable concentrations to use for screening activities. Out of the 17 genes, 12 genes (11 biomarkers of PLD plus 1 housekeeping gene) were selected for practical screening reasons as these 12 genes can be measured in two 96-well plate formats. These genes were selected because they responded well to the compounds known to induce PLD. In addition, the expression of the selected genes either did not vary much or did not follow the trend induced by the positive compounds when the HepG2 cells were exposed to compounds not inducing PLD. Some of the genes were discarded because they responded well to only a limited number of compounds or due to reproducibility problems. Nevertheless, some of the genes (such as LSS and FABP1 ranked on position 12 and 13, respectively) that we discarded after experiment 1 could potentially be good biomarkers of PLD. For instance, LSS with a score of 24 seems to be as good as SERPINA3 (position 11 with a score of 25) according to experiment 1 [ Table 2 ]). Out of the 17 candidate genes, Sawada et al. (2005) selected 12 genes which showed significant concordance with lamellar myelin-like body formation. The first experiment allowed us to select the best 11 marker genes of PLD (out of the 17 genes) and seven of these markers (i.e., C10orf10, FRCP1, SERPINA3, NRB02, MGC4171, TAGLN, and FLJ10055) were also selected by Sawada et al. (2005) . To help the interpretation of the data, we calculated the PI which measures a potential to induce PLD and takes into account the 11 selected genes at a global level. Although the selection of genes made by Sawada et al. (2005) and us were not exactly the same, we found a coefficient of correlation of 75% when PI obtained in our first study was compared to the PI calculated with the data of Sawada et al. (2005) . Thus, this shows that similar results were obtained in both experiments.
Out of the 17 positive compounds (which induced the formation of lamellar myelin-like bodies in HepG2 cells after 72 h treatment) screened by Sawada et al. (2005) , all had a PI value (called PLD mRNA score in the paper by Sawada et al.) higher than 1.5. Out of the 13 negative compounds, 10 had a PI value lower than 1.25; the three other PI values were close to 1.5 (Sawada et al., 2005) . It is noteworthy that there was a significant correlation between the PI values and the pathological scores obtained from electron microscopic analysis of the HepG2 cells (Sawada et al. 2005) . Thus, the higher the PI value the more likely that the formation of lamellar myelin-like bodies in HepG2 cells is severe. In our study, the six negative compounds tested had a PI below 1.25. On the other hand, all the positive compounds had PI values higher than 1.25 at three successive concentrations for the majority of the compounds, and dose-response relationships were observed. Based on our data (first and second experiments) and on Sawada et al. (2005) data, we consider that a compound can potentially induce PLD when (1) PI is higher than 1.25 at a maximum concentration of 50lM and when (2) a dose-response relationship is obtained (see also below for more explanations). Following this rule, in the first experiment, 91.6% of the compounds known to induce PLD (i.e., 11 of 12) were identified as such. Tamoxiphen, a compound known to induce PLD, was classified as negative (in experiment 1 as PI was lower than 1.25 at 8.3lM. However, in the second experiment, tamoxiphen obtained a PI of 3.37 at 16lM which clearly indicates that this compound is positive in our assay. Such case clearly points out the necessity to test a range of concentrations when the potential to induce PLD is evaluated. In the first experiment, all the negative drugs (i.e., five of five) were also identified as such at 25lM. Nevertheless, it is noteworthy that compounds such as flecainide and erythromycin are not true negative compounds as they clearly induce PLD but at higher concentrations (Table 1) . They were considered as negative because, at the concentrations tested, flecainide and erythromycin did not induce the formation of lamellar myelin-like bodies in lysosomes scored by electron microscopy after 72 h of treatment in HepG2 cells (Sawada et al. 2005) .
In the second experiment, the objective was to test the effect of a range of concentrations but also to further validate the assay by using more compounds (26 compounds [all 17 compounds from the first experiment plus 9 new drugs]). 93.3% of the compounds known to induce PLD (i.e., 14 of 15) were identified as such. A dose-response relationship was also observed in most cases. Erythromycin, a compound known to induce PLD, showed a potential to induce PLD at high concentration (100lM). Thus, erythromycin was classified as a negative drug (according to our rules; see above) may be because the compound was badly absorbed as it is quite hydrophilic and/or because the HepG2 cell has low metabolic capacities (considering that the metabolites could induce PLD and not the parent compound). Chemicals such as ANIT, sotalol, and tetracycline are likely to induce PLD even though no evidence of this has been published. ANIT induced vacuole Note. QPCR (SYBR green) was carried out following treatment of HepG2 cells for 24 h to amitriptyline at the concentrations indicated. The gene expression figures represent the ratio ''mRNA level in treated/mRNA level in control.'' Fold change values of PLD marker genes (compared to solvent control) in bold and italics correspond to ratio higher than 1.5 and lower than ÿ 1.5, respectively, and fold change values that are not in bold and italics correspond to ratio comprised between ÿ 1.5 and 1.5. QPCR data were standardized against the TFR housekeeping gene. The PI is calculated according to the formula reported in ''Materials and Methods'' section. To help the data visualization, PI values are gray coded. White cells, PI < 1.25; pale gray cells, 2 > PI > 1.25; dark gray cells, 3 > PI > 2; black cells, PI > 3. formation in mice liver, and high levels of phospholipids were measured in the blood (Chisholm et al., 1999) ; tetracycline can bind to phospholipids (Argast and Beck, 1984) and gene expression data from sotalol-exposed HepG2 cells suggest that this drug has the potential to induce PLD (Sawada et al. 2005) . Our data clearly indicate that these three compounds have the potential to induce PLD at 25 or 50lM (Table 3) . Our results also show that BNF has the potential to induce PLD from 12.5lM and that isoniazid was identified as negative up to 800lM. Nevertheless, the potential of BNF and isoniazid to induce PLD is unknown according to the literature data. Finally, all negative controls (six compounds), were also confirmed in the range 50-800lM. When both experiments 1 and 2 were compared, the coefficient of correlation for 16 compounds tested at the same concentrations reached 87.7% (based on PI values). In addition, an excellent correlation (98.5 ± 1.6%; average ± SD) was obtained when the HepG2 cells were exposed to 12.5, 25, and 50lM of amitriptyline in six different experiments (based on PI values). This shows that similar results are obtained when the same experiment is performed and thus that the endpoints measured are reliable. Thus, overall the present study further validates the use of gene expression in HepG2 cells to detect potential to induce PLD as initially demonstrated by Sawada et al. (2005) .
Recently, Kasahara et al. (2006) examined the suitability of various cell types (ARLJ301, HepG2, Human and rat primary hepatocytes, CHO-K1, CHL/IU, and J744A) for detecting PLD based on the binding of a dye to phospholipids. CHO-K1 was considered to be the better cell line to detect PLD with this approach. The HepG2 cell line was reported to be unsuitable to detect PLD because it showed little response to a set of five CADs (Kasahara et al. 2006 ). This is not in agreement with the present study or the study of Sawada et al. (2005) as the HepG2 cell line was successfully used to detect a potential to induce PLD by a wide range of CADs. A first explanation could be that the methodology applied by Kasahara is not suitable on HepG2 cells, whereas gene expression is. Another explanation could be related to the fact that the HepG2 cell line may be not homogenous among laboratories. Indeed, a study showed that some HepG2 cell lines (used as such) were not always derived from the original HepG2 cells possibly due to cross-contamination during cloning of cell lines (Van Pelt et al. 2003) . In addition, the study of six sublines of HepG2 cells (based on growth rates, morphology, plasma protein synthesis, etc) revealed that one subline represented a variant of HepG2 cells with an altered phenotype (Iwasa et al. 1990 ). There is considerable evidence to indicate that the pharmacokinetics and metabolism of drugs play an important role in the etiology of drug-induced PLD (Kodavanti and Mehendale, 1990) . For instance, drugs that are rapidly metabolized fail to induce PLD (Joshi et al. 1989) . Nevertheless, some CADs such as amiodarone produce lipophilic metabolites that have the same affinity for the tissue as the parent drugs and also produce PLD (Young and Mehendale, 1987) . Thus, the fact that the HepG2 cell line has low metabolic capacities is an advantage or a drawback depending on the fact that either the parent compounds or the metabolites induce PLD. 
FIG. 2.
Overview of PI obtained with positive and negative compounds with a minimum of three concentrations per compound. A positive compound is a compound that induces the formation of lamellar myelin-like bodies in lysosomes in HepG2 cells after the 3-day treatment (Sawada et al. 2005) . A negative compound is a compound that did not (Sawada et al. 2005) . The PI values of the following compounds are presented: acetaminophen (Acet), disopyramide (Dis), ofloxacin (Ofl), phenobarbital (PB), procainamide (Proc), valproic acid (Val), amiodarone (Ami), amitriptyline (Amit), AY9944 (AY), chlorpromazine (Chlo), clomipramine (Clo), clozapine (Cloz), erythromycin (Ery), flecainide (Flec), fluoxetine (Flu), haloperidol (Halo), ketoconazole (Ket), perhexiline (Per), tamoxiphen (Tam), thioridazine (Thi), and zimelidine (Zim). For more information (e.g., concentrations tested), please refer to Table 3 . The gray and white codes are used to facilitate the reading of the figure.
Based on the data presented, researchers are encouraged to use a range of minimum three concentrations to screen for PLD for three main reasons. First, this allows studying dose-response relationships. Second, compounds can be easily ranked for their PLD potential based on a range of concentrations. Third, if only a single concentration is used one may draw wrong conclusions. For instance, in our assay, at 8lM, compounds known to induce PLD such as amiodarone and tamoxiphen have a PI of 0.90 and 1.23, respectively (negative assay, Table 3 ). But at 16lM, the results clearly indicate that these compounds have the potential to induce PLD (PI of 1.93 and 3.37 for amiodarone and tamoxiphen, respectively) ( Table 3 ). For the screening of compounds, we currently use the following concentrations: 12.5, 25, and 50lM. Fifty lM was chosen as the maximum concentration because at 25lM some compounds known to induce PLD such as flecainide and zimelidine were negative or had a PI just higher than 1.25 (Table 3 ). In addition, compounds likely to induce PLD such as sotalol and tetracycline showed, according to our data, a potential to induce PLD from 50lM. Finally, we do not recommend using much higher concentrations because cytotoxic effects could occur and some negative drugs could induce nonspecific PLD at higher concentrations (although this was never observed with some of the negative compounds up to 800lM).
From a mechanistic point of view, the inhibition of lysosomal enzyme transport and phospholipase activity together with enhanced PLD synthesis could trigger PLD. Increased cholesterol biosynthesis is considered to be an indirect trigger and other transporter genes as well as genes that control the cell cycle may also be indirectly involved (Sawada et al. 2005 ). Some of the biomarker genes that were validated in this study clearly belong to the categories previously described. For instance, the hypothetical protein MGC4171 is implicated in the inhibition of lysosomal phospholipase activity (Sawada et al. 2005) . AP1S1 is involved in the transport of newly synthesized lysosomal enzymes between the trans-golgi network and lysosomes (Zhu et al. 1999) . The up-and downregulation of MGC4171 and AP1S1, respectively, is likely to lead to an accumulation of phospholipids in the lysosomes and consequently to PLD. Other genes are also interesting candidates as they may explain directly or indirectly the accumulation of PLDs in the lysosomes. For instance, FLJ10055 is known to interact with phospholipids, SERPINA3 is a plasma protease inhibitor, and NRB02 is implicated in the regulation of cholesterol metabolism.
As electron microscopic detection of PLD is not adapted for high/medium-throughput screening systems in drug discovery, it is essential to develop in vitro methodologies to help in the selection of the best drug candidates. Two general in vitro approaches have been developed so far. A first one consists in measuring the binding of dyes to the phospholipids by flow cytometry or fluorescence microscopy (Casartelli et al. 2003; Gum et al. 2001; Kasahara et al. 2006; Morelli et al. 2006; Ulrich et al. 1991) . A second approach is based on the measurement of gene biomarkers of PLD (Sawada et al. 2005) . The choice of the methodology for screening activities should be based on sensitivity, rapidity, and easiness to perform the assays. Reasor et al. (2006) were not really in favor of the toxicogenomic approach due to the high cost, bioinformatic challenge, unclear advantages over existing fluorescent methodologies, and lack of a uniform response among target genes. We have chosen to investigate the toxicogenomic approach due to the sensitivity of the methodology and our expertise in the field. The gene expression data clearly suggest that some drugs (e.g., haloperidol and quinidine) have the potential to induce PLD (and this is the case) although electron microscopy evaluation was negative (Sawada et al. 2005) . This is because a certain amount of time is required before the manifestation of PLD at the lysosomal level can be detected by electron microscopy. Indeed, changes in gene expression are the first events that will occur in the cells in response to compounds. For instance, Sawada et al. (2005) revealed that gene expression changes occurred already in cells exposed to chemicals after 6 h of treatment. Changes could be even detected at an early stage and it is uncertain whether the current fluorescent methodologies could do so. Nevertheless, based on our data and those published by Kasahara et al. (2006) , after sufficient incubation time (e.g., 24 h) it appears that the fluorescent methodologies and toxicogenomic approach are of similar sensitivity. Since a PI is simply calculated based on a set of 11 genes without any further investigations, we do not consider that there is a bioinformatic challenge. This means that the overall response of the gene set is taken into account and, consequently, there is no need to find a single biomarker gene which would respond to all compounds known to induce PLD. Finally, whatever the methodologies chosen, it is clear that the objective should be to rank compounds and that an absolute predictivity is not achievable.
In conclusion, the present study further confirmed the utility of gene expression in HepG2 cells to identify potential to induce PLD. Indeed, the majority of the compounds tested (20 [15 positive and 6 negative compounds] of 21) were correctly classified. The study also showed that reproducible results (correlation of 87.7%) were generated when a set of 16 compounds was tested in two independent experiments. Finally, the present study clearly indicates as well that it is recommended to use a range of concentrations (e.g., 12.5, 25, and 50lM) to screen for the PLD potential of unknown compounds.
